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This  paper  presents  the  state-of-the-art  approaches  to  energy  (electricity)  and  hydraulic  efficiency  and 
conservation  in  conventional  water  supply  systems,  providing  an  overview  of  energy  efficiency  and 
conservation  alternatives  from  the  analysis  of  selected  research  literature.  These  alternatives  vary  from  leakage 
management  to  state-of-the  art  real-time  optimization  techniques,  and  can  be  classified  into  three  dimensions 
according  to  their  natures:  project  and  design  dimension,  operational  dimension  and  physical  dimension.  The 
potential  energy  savings  and  the  impact  of  these  alternatives  over  the  water  supply  systems'  energy  efficiency 
are  highly  variable.  All  the  energy  efficiency  and  conservation  alternatives  analyzed  in  this  work  may  contribute 
with  the  promotion  of  sustainability  of  conventional  water  supply  systems. 
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1.  Introduction 

Water  and  energy  resources  are  fundamental  to  human  exis¬ 
tence,  and  are  regularly  subject  to  economic,  technological,  demo¬ 
graphic  and  social  pressures.  It  is  estimated  that  2-3%  of  the 
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worldwide  electricity  consumption  is  used  for  pumping  in  water 
supply  systems  (WSSs)  [1],  while  80-90%  of  this  consumption  is 
absorbed  by  motor-pump  sets  [2,3],  This  cost  represents  one  of  the 
major  operational  costs  associated  with  WSSs. 

Water  pumping  in  WSSs  and  the  other  inter-relationships 
between  water  and  energy  (i.e.,  hydroelectric  and  thermoelectric 
generation,  fuel  and  biofuel  production,  water  supply,  pumping 
and  water  treatment,  desalination)  will  intensify  if  predictions 
regarding  global  climate  change  are  confirmed.  In  this  sense,  while 
the  production  and  use  of  energy  from  fossil  fuels  is  considered 
the  main  cause  of  global  warming,  the  most  drastic  consequences 
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of  climate  change,  such  as  floods,  storms,  droughts,  and  water¬ 
borne  diseases,  have  been  attributed  to  water. 

Shrestha  et  al.  [4]  states  that  considering  the  critical  links  between 
water  and  energy  during  water  planning  and  policy  making  can  lead 
to  significant  energy  savings.  In  turn,  these  savings  have  the  potential 
to  reduce  the  associated  C02  emissions.  The  availability  of  drinking 
water  in  the  near  future  will  also  require  adaptations  in  several  regions 
of  the  world  in  response  to  changes  in  precipitation  and  runoff 
patterns,  salinization  and  alterations  in  water  source  quality  as  a  result 
of  climate  variability  [5],  However,  most  of  the  adaptive  technological 
alternatives  to  these  issues  are  energy-intensive  (e.g.,  desalination  and 
water  reuse)  [6], 

According  to  Gude  et  al.  [7],  the  electricity  consumed  (described  by 
the  energy  intensity)  by  the  desalination  process  varies  from 
1.5  kWh  m~3  in  multi-effect  distillation  and  multi-effect  distillation 
with  thermal  vapor  compression  processes  to  12.0  kWh  m~3  when 
mechanical  vapor  compression  processes  are  engaged.  Based  on  a 
literature  review,  Plappally  and  Lienhard  [8]  reported  electrical  inten¬ 
sities  in  the  range  of  0.27  kWh  m~3  to  3.8  kWh  m~3  for  urban 
wastewater  reuse  and  recycling  plants.  The  same  authors  reported 
the  medium  specific  energy  intensity  (energy  intensity  divided  by  the 
elevation  head)  of  groundwater  pumping  in  California  to  be 
0.004  kWh  m~3  rrrt1.  Table  1  presents  the  energy  intensities  asso¬ 
ciated  with  conventional  water  supply  systems  (CWSSs)  as  reported  in 
literature,  which  vary  from  0.25  kWh  m~3  to  4.5  kWh  m~3  depending 
on  the  source  type  (i.e„  surface  or  groundwater). 

Promotion  of  the  efficient  and  rational  use  of  water  and  electricity 
in  WSSs  plays  a  strategic  role  in  the  quest  for  the  sustainable 
development  of  nations  as  well  as  in  the  mitigation  of  and  adaptation 
to  the  causes/consequences  of  climate  change.  The  high  potential  for 
the  application  of  water  and  electricity  rational  use  actions  in  WSSs 
has  been  attributed  to  poor  infrastructure  and  operational  procedures, 
particularly  in  developing  countries.  Moreover,  according  to  the 
Millennium  Development  Goals  (MDGs)  [14],  there  is  a  need  for  more 
sustainable  alternatives  in  the  expansion  and  implementation  of  new 
systems  by  the  year  2015;  further,  according  to  the  MDGs,  there  is  a 
target  to  halve  the  proportion  of  people  without  sustainable  access  to 
safe  water  and  basic  sanitation. 

Given  the  relevance  of  this  theme,  the  present  work  presents  a 
review  of  the  alternatives  and  opportunities  to  promote  water  and 
electricity  efficiency  and  conservation  in  CWSSs.  CWSSs  are  systems  in 
which  the  treatment  is  carried  out  by  conventional  coagulation, 
flocculation,  settling  and  filtration;  additionally,  in  CWSSs,  the  majority 


of  electricity  consumed  is  generally  attributed  to  the  power  demand 
associated  with  pumping  (for  water  catchment,  adduction  and  dis¬ 
tribution).  The  use  of  this  delimitation  in  our  study  was  defined  based 
on  the  widespread  use  of  such  systems  around  the  world  in  addition 
to  the  great  potential  for  efficiency  improvement,  which  typically  can 
be  identified  in  pumping  systems,  a  fact  which  assigns  an  applied 
nature  to  this  research. 

This  paper  is  focused  on  the  supply  side  of  management  and 
alternatives  and  does  not  consider  the  opportunities  and  technologies 
available  for  energy  and  water  conservation  on  the  demand  side  of 
water  management.  Only  the  direct  electricity  consumption  in  CWSSs 
is  considered,  disregarding  the  energy  consumption  implicit  in  the 
various  inputs  (e.g.,  chemicals,  materials)  used  in  these  systems;  the 
energy  consumed  by  the  inputs  is  usually  evaluated  through  life  cycle 
analysis.  We  also  disregard  other  energy  flows  beyond  hydraulic  and 
electrical;  for  example,  the  thermal  energy  embodied  in  the  water 
masses  flowing  through  the  system  is  not  considered  here. 

This  paper  is  organized  as  follows:  Section  2  presents  the  energetic 
and  hydraulic  model  considered  in  this  work,  which  summarizes  the 
energy  and  mass  flows  in  CWSSs.  Section  3  presents  a  general 
approach  to  energy  efficiency  (EE)  and  energy  conservation  (EC) 
interventions  and  actions.  As  proposed  by  Dias  [15],  this  general 
approach  involves  the  classification  of  EE  and  EC  actions  in  interven¬ 
tion  classes,  which  allows  both  the  impact  of  each  measure  on  the  EE 
of  the  system  as  well  as  the  complexity  of  the  measure's  implementa¬ 
tion  to  be  inferred.  Subsequently,  these  actions  and  interventions  are 
contextualized  to  CWSSs,  for  which  we  identified  three  dimensions  to 
evaluate  the  use  and  possibilities  of  energy  conservation,  including  (1) 
the  project  and  design  dimension,  (2)  the  operational  dimension  and 
(3)  the  physical  dimension.  The  subsections  of  Section  3  detail  the 
main  opportunities  for  energy  conservation  applied  to  the  CWSSs 
identified  in  the  literature.  In  Section  4,  we  evaluate  the  opportunities 
described  in  Section  3;  additionally,  we  evaluate  some  theoretical  and 
empirical  results  of  the  applications  of  these  opportunities.  This 
evaluation  includes  the  classification  of  EE  and  EC  actions  and 
opportunities  in  accordance  with  their  impact  on  the  energy  efficiency 
of  the  system;  this  evaluation  also  explores  their  associated  level  of 
intervention,  as  described  in  Section  2. 

2.  The  energy  and  hydraulic  model  of  CWSSs 

A  water  supply  system  is  a  set  of  structures,  facilities 
and  services  that  produces  and  distributes  water  to  consumers; 


Table  1 

The  energy  intensities  and  indicators  associated  with  CWSSs. 


Authors 

Region 

Indicator  description 

Indicator 

values 

Racoviceanu  et  al.  [9] 

Canada,  Toronto 

Energy  intensity  in  the  operation  phase  of  water  supply  and 

0.68  kWh  m~3 

Mo  et  al.  [10] 

USA,  Florida 

treatment 

Energy  intensity  in  the  operation  and  maintenance  phases  of 

1.33  kWh  in  3 

USA,  Michigan 

surface  water  supply  due  to  direct  energy  use 

Energy  intensity  in  the  operation  and  maintenance  phases  of 

1.69  kWh  m-3 

Scott  et  al.  [11] 

USA,  Arizona 

groundwater  supply  due  to  direct  energy  use 

Energy  intensity  of  water  pumping  in  the  Central  Arizona 

1.24  to 

Venkatesh  and  Brattebo  [12] 

Norway,  Oslo 

Project 

Energy  intensity  in  the  operation  and  maintenance  phases  of 

2.55  kWh  m"3 
0.39  to 

Brasil  [13]  (indicators  calculated  by  the  authors  with  data  from 

Brazil 

water  supply 

Medium  energy  intensity  of  the  Brazilian  largest  regional 

0.44  kWh  m~3 
0.69  kWh  m-3 

Brazilian  National  Sanitation  Information  System) 

Plappally  and  Lienhard  [8]  (the  authors  presented  values  of 

Canada,  Ontario 

water  companies 

Energy  intensity  of  water  extraction  from  wells 

0.25  to 

indicators  based  on  a  literature  review) 

USA,  Northern  Caroline 

Energy  intensity  of  surface  water  pumping 

3.02  kWh  m-3 
2.4  kWh  m~3 

Australia,  Sydney 

USA,  California 

Energy  intensity  of  water  conveyance 

1.6  to 

Mexico,  Tijuana 

Energy  intensity  of  water  conveyance 

2.6  kWh  m~3 

4.5  kWh  m~3 
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Fig.  1.  The  energy  and  hydraulic  flows  in  CWSSs. 


the  distributed  water  must  be  compatible  with  the  needs  asso¬ 
ciated  with  the  domestic  consumption,  utilities,  and  other  indus¬ 
trial  consumption  in  both  quantity  and  quality  [16],  Physically,  the 
system  is  composed  of  a  set  of  reservoirs  (natural  sources  of  raw 
water,  storage  and  distribution  tanks),  pipes  (water  mains,  dis¬ 
tribution  network  pipes),  civil  structures  (mainly  in  water  treat¬ 
ment  plants),  and  hydro-mechanical  (pumps,  valves)  and  electrical 
(motors)  equipment. 

To  develop  an  energy  and  hydraulic  model,  a  CWSS  must  be 
evaluated  in  terms  of  the  mass  (raw  and  treated  water)  and  energy 
(electricity  and  hydraulic  heads)  flows,  which  vary  in  space  and 
time.  Fig.  1  illustrates  the  mass  and  energy  flows  based  on  the 
delimitations  of  this  research;  these  delimitations  do  not  consider 
the  implicit  thermal  loads  in  the  masses  of  water  or  chemicals 
used  in  the  treatment  process.  Raw  water,  evaluated  according  to 
mass  flow  and  hydraulic  head,  and  electricity  are  the  input  of 
CWSS  for  producing  treated  water  (that  are  also  evaluated  with 
mass  flow  and  hydraulic  head)  for  “n”  consumers;  water  and 
electricity  losses  must  also  be  considered  in  the  model. 

The  input  mass  flow  to  the  system  corresponds  to  the  raw 
water  obtained  from  natural  sources  (surface  or  underground). 
The  imported  water  flows  are  disregarded  for  the  purpose  of  this 
research.  The  water  flow  carries  a  gross  energy  content  that 
corresponds  to  the  hydraulic  head  (a  sum  of  the  potential,  piezo¬ 
metric  and  kinetic  heads),  which  may  be  natural  (due  to  gravity  or 
from  a  pressurized  underground  water  source)  or  artificial  (the 
hydraulic  head  provided  by  pumping).  When  artificial  hydraulic 
heads  are  present,  electricity  consumption  is  generally  associated 
with  the  coupling  of  electric  motors  to  pumps.  After  entering  the 
system,  the  raw  water  passes  through  the  conventional  treatment 
process,  followed  by  reservation  (storage)  and  distribution. 

The  movement  of  water  within  the  system  requires  aggregation 
of  the  hydraulic  head  to  its  mass,  either  by  gravity  or  through  the 
use  of  electrical  energy  for  pumping.  Part  of  the  energy  (electrical 
and  hydraulic)  and  mass  (raw  and  treated  water)  is  lost  due  to  the 
low  efficiency  of  the  equipment,  bad  operational  practices  (the 
maintenance  of  excessive  water  levels  and  pressures,  for  example), 
inadequate  design  and  the  presence  of  disabled  structures  (lea¬ 
kages  in  pipes,  cracks  in  reservoirs,  among  others). 

The  useful  output  produced  by  a  CWSS  is  the  mass  of  treated 
water  that  the  consumers  actually  receive  at  the  appropriate 
pressure  levels  (which  in  the  last  instance  corresponds  to  the 
energy  content).  Thus,  the  energy  and  hydraulic  efficiency  and  the 
energy  conservation  in  a  CWSS  can  be  evaluated  as  an  optimiza¬ 
tion  problem,  in  which  the  volume  of  raw  water  extracted  from 
the  source  and  the  electrical  energy  consumed  by  the  system  are 
minimized  simultaneously.  The  minimization  process  is  subject  to 
the  appropriate  service  levels  with  respect  to  the  providing  of 
treated  water  in  adequate  volumes  and  pressures,  according  to  the 
consumers'  demands  and  locations. 


3.  The  technological  alternatives  for  energy  and  hydraulic 
improvements  in  CWSSs 

According  to  Dias  [15],  the  rational  use  of  energy  aims  to 
provide  sustainable  development  through  the  correct  use  of 


energy  resources  at  all  stages  of  conversion.  Based  on  the  author's 
description,  the  efficient  use  of  energy  can  be  systematized  into 
the  following  six  intervention  levels. 

•  Level  1,  the  elimination  of  waste;  waste  elimination  is  the  most 
evident  level  of  intervention.  In  the  context  of  water  supply,  the 
most  emblematic  example  of  intervention  level  1  is  the 
elimination  of  water  losses  due  to  leakages. 

•  Level  2,  increasing  the  efficiency  of  power-consuming  units: 
this  level  includes  energy  efficiency  measures  aimed  at  the 
technological  improvement  of  processes,  which  involve,  for 
example,  the  replacement  of  old  motor-pump  sets  by  high 
efficiency  sets. 

•  Level  3,  increasing  the  efficiency  of  power  generation  units: 
this  levels  aims  to  adjust  and  harmonize  the  energy  production 
units  with  the  energy  consumption  units,  preferably  a  posteriori 
with  respect  to  the  level  1  and  level  2  interventions.  In  the 
context  of  the  present  work,  we  can  cite  the  following  exam¬ 
ples  of  level  3  interventions  in  WSSs,  such  as  the  use  of 
renewable  sources  for  water  pumping  and  hydropower 
recovery. 

•  Level  4,  the  reuse  of  natural  resources  by  recycling  and 
reduction  of  the  energy  content  of  products  and  services:  Dias 
[15]  describes  level  4  interventions  as  those  related  to  the 
recycling  and  recovery  of  energy  from  waste  generated  in  the 
considered  production  process  as  well  as  the  use  of  technolo¬ 
gies  and  inputs  with  reduced  energy  intensities  throughout 
their  lifecycles.  Although  outside  the  scope  of  this  paper,  both 
wastewater  recycling  and  the  energy  efficiency  of  wastewater 
treatment  plants  are  associated  with  the  reuse  of  resources, 
which  are  characteristic  of  level  4  interventions  (see,  for 
example,  [17-20]). 

Attention  should  be  paid  to  the  fact  that  the  reuse  and  recycling 
of  wastewater  are  generally  considered  energy  intensive  (as 
described  in  Section  1),  which  can  mischaracterize  these 
processes  as  alternative  technologies  for  enabling  energy  effi¬ 
ciency  and  conservation.  The  typical  analysis  of  a  WSS  energy 
lifecycle  considers  the  energy  intensities  of  the  chemicals  used 
in  water  treatment  in  addition  to  the  materials  and  compo¬ 
nents  of  the  physical  systems  (e.g.,  pipes).  Energy  analyses 
considering  lifecycle  assessments  of  WSSs  are  presented, 
among  others,  by  Lundin  and  Morisson  [21],  Filion  et  al.  [22], 
Racoviceanu  et  al.  [9],  and  Stokes  and  Horvath  [23], 

•  Level  5,  discussion  of  the  center/periphery  relations:  in  the 
context  of  water  supply,  level  5interventions  can  be  obtained, 
for  example,  through  the  decentralization  of  supply  and  incen¬ 
tives  toward  the  enhanced  use  and  management  of  local  water 
sources  in  the  form  of  distributed  water  infrastructures  [24,25], 
Physically,  the  center/periphery  relationship  influences  the 
energy  efficiency  of  a  WSS  once  the  relative  position  between 
the  water  sources,  the  treatment  plants  and  the  consumers 
influences  the  amount  of  energy  needed  for  water  transport  as 
well  the  head  losses  along  the  network  and  water  mains.  Filion 
[26],  for  example,  describes  the  influence  of  city  shape  on  the 
energy  consumption  of  water  distribution  systems.  Level 

5  interventions  are  strongly  related  to  urban  planning  and 
zoning  and  can  be  effectively  implemented  through  proper  and 
optimized  system  designs.  This  occurs  because  the  location  of 
natural  water  sources  (e.g.,  rivers,  springs)  cannot  be  changed, 
and  the  layout  of  water  mains  and  the  distribution  networks 
depend  on  the  local  topography  and  other  types  of  infrastruc¬ 
ture  (mainly  the  streets  and  roads). 

•  Level  6,  changes  in  ethical  and  esthetic  paradigms:  level 

6  involves  changes  in  opinions,  consumer  choices  and  con¬ 
sumer  behavior  and,  therefore,  represents  the  most  difficult 
energy  efficiency  action  that  can  be  implemented. 
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Fig.  2.  The  relationship  between  the  energy  efficiency  intervention  level,  its  cost 
and  difficulty,  as  well  as  the  cumulative  energy  savings. 


Examples  of  level  6  interventions  in  the  context  of  WSSs  are 
presented  in  the  paper  by  Proen^a  et  al.  [27],  who  evaluated  the 
potential  for  energy  savings  through  water  conservation  measures 
undertaken  by  end  users  (residential,  commercial  and  public).  In 
the  case  study  carried  out  by  Proenqa  et  al.  [27],  a  reduction  of  0.5% 
in  the  total  consumption  of  electricity  in  the  city  of  Florianopolis 
(Brazil)  was  demonstrated  to  be  possible  from  the  use  of  dual¬ 
flush  toilets,  greywater  reuse  and  rainwater  catchment.  Level 
6  interventions  are  outside  the  scope  of  the  present  work. 

The  energy  saving  impact  of  each  intervention  level  can  be 
associated  with  the  specific  intervention’s  difficulty  and/or  cost  of 
deployment.  This  non-linear  relationship  ideally  grows  and 
asymptotically  tends  to  the  maximum  energy  saving  potential; 
that  is,  when  applying  the  above  interventions  by  following  the 
levels  in  ascending  order,  the  closer  that  the  interventions  move 
toward  the  higher-levels,  then  the  greater  that  the  difficulty  and/or 
implementation  cost  become.  Further,  in  this  manner,  the  cumu¬ 
lative  energy  savings  are  present  in  continuously  decreasing 
increments.  This  model  is  shown  in  Fig.  2,  in  which  all  of  the 
levels  were  denoted  with  the  same  dimension  for  the  purpose  of 
illustration  because  it  is  very  difficult  to  establish  the  actual 
dimensionality  of  a  level. 

Although  in  past  decades  the  use  of  hydropower  was  the  most 
evident  relation  between  water  and  energy,  today  the  focus  of  this 
relationship  has  turned  to  the  role  of  water  as  a  consumer  of 
electricity,  which  has  turned  water  distribution  into  an  important 
stage  in  terms  of  the  consumption  and  use  of  energy  [28], 
According  to  Frijns  et  al.  [29],  the  high  consumption  of  energy 
affects  water  industries  around  the  world,  been  associated  with 
climate  change  issues. 

In  this  paper,  three  basic  dimensions  in  which  the  use  of 
electricity  in  CWSSs  can  be  evaluated  were  identified,  including 
(1)  the  project  and  design  dimension,  (2)  the  operational  dimen¬ 
sion  and  (3)  the  physical  dimension  (which  is  related  to  the 
equipment,  the  structures  and  the  components  used  as  well  as 
their  repair  and  maintenance). 

The  design  of  water  distribution  systems  is  a  broad  and  open 
problem  in  hydraulic  engineering,  involving  the  insertion  of  new 
elements  into  the  system,  the  rehabilitation  or  replacement  of 
existing  elements  and  the  decisions  regarding  operation,  reliability 
and  security  [30], 

The  classical  methods  for  the  design  of  water  distribution 
networks  are  based  on  an  iterative  process  of  trial  and  error, 
which  is  used  to  define  the  pipe  diameters  in  each  section  to  meet 
the  various  required  levels  of  pressure  and  flow  [31],  Such 
methods  do  not  consider,  however,  the  optimum  combination  of 
the  network  and  pumps  necessary  to  minimize  the  investment 
costs  (implementation  of  the  structure  and  equipment)  and 


operational  costs  (energy  consumed  by  pumping)  [31].  Thus, 
explorations  of  the  pipe  diameters  that  meet  the  required  hydrau¬ 
lic  loads  with  lower  costs  play  a  major  role  in  the  design  of  water 
distribution  networks  [32]. 

The  mathematical  problem  of  the  operation  of  water  supply 
systems  involves  discrete  and  continuous  decisions  as  well  as  the 
complexity  caused  by  closed-loop  networks  and  temporal  cou¬ 
pling  throughout  the  entire  planning  horizon  [33],  Carrijo  and  Reis 
[34]  state  that  the  cost  of  electricity  is  the  most  relevant  parameter 
in  terms  of  the  operational  optimization  of  water  supply  systems 
with  respect  to  minimizing  the  operating  costs.  Despite  that, 
operational  rules  are  used  to  ensure  the  continuity  of  public 
supplies  without  regarding  the  energy  savings  in  the  operated 
motors  [35,36], 

In  the  physical  dimension,  defining  the  type  of  pump  that  best 
meets  the  water  demand  under  a  required  specific  pressure  head  is  a 
major  problem  in  the  design  of  water  distribution  networks  [37], 

The  main  problems  that  compromise  the  energy  efficiency  of 
motor-pump  sets  used  in  CWSSs  include  oversizing  for  taking  into 
account  uncertainties  concerning  the  deterioration  or  growth  of 
the  system,  the  regulation  of  flow  through  bypasses  and  valves, 
operation  out  of  the  maximum  efficiency  point  [38],  inefficient 
pumps  and  motors,  cavitation  [39,3],  excessive  vibrations  in  shafts 
and  housings,  overheating  of  the  engine  bearings  and  windings, 
widespread  leaks  in  pumps,  and  wear  and  corrosion  on  the 
impellers  and  casings  [3],  It  is  important  to  note  that  some  of 
the  physical  dimension  problems,  such  as  flow  regulation  and 
operation  out  of  the  maximum  efficiency  point,  are  closely  related 
to  the  operational  dimension. 

In  many  communities,  the  consumption  of  energy  during  water 
pumping  is  the  largest  component  of  operational  supply  costs,  and  the 
energy  wasted  in  leakage  compensation  is  associated  with  different 
environmental  impacts,  such  as  greenhouse  gases,  acid  rain  and  the 
depletion  of  resources  [40],  The  magnitude  of  this  problem  is  propor¬ 
tional  to  the  high  water  loss  rates  in  water  supply  systems,  which 
reach  between  30%  and  40%  worldwide  [41,42], 

In  addition  to  the  energy  content  added  to  the  volumes  of  lost 
water,  Colombo  and  Karney  [40]  emphasize  that  leakages  result  in 
the  use  of  oversized  motor-pump  sets  to  compensate  for  the 
additional  requirements  of  flow  and  pressure,  producing  propor¬ 
tional  energy  waste. 

Water  loss  problems  are  related  to  the  three  dimensions  of 
analysis  proposed  in  this  research.  The  design  and  operation 
dimensions  are  responsible  for  setting  the  topographic  water 
levels,  the  operational  limits  and  the  resulting  pressures  for  the 
various  sectors  of  a  network;  these  dimensions  are  also  respon¬ 
sible  for  the  type  of  material,  the  pipe  layout  and  the  accessories 
characteristics  (physical  dimension)  that  make  the  network  more 
susceptible  to  leakages.  The  operation  of  the  system,  in  turn,  plays 
a  key  role  in  pressure  and  leakage  flow  management. 

The  main  alternatives  for  energy  and  hydraulic  efficiency  in 
CWSSs,  which  were  obtained  from  an  extensive  literature  review, 
are  presented  below. 


3.1.  The  use  of  renewable  energy  sources  for  pumping 

The  use  of  renewable  sources  of  energy  (especially  wind  and  solar) 
for  water  pumping  was  considered  in  several  studies  [43-50]. 

Wind  systems,  whose  turbines  provide  direct  shaft  power  to  the 
pumps,  have  been  used  to  pump  water  on  a  small-scale  for  years, 
especially  in  agricultural  or  remote  areas  [46].  The  results  from  Velasco 
et  al.  [44]  and  Lara  et  al.  [50]  have  identified  the  preferential  use  of 
wind  power  generators  to  supply  the  electric  power  to  conventional 
motor-pump  sets  based  on  the  attractiveness  of  this  alternative  in 
comparison  to  large  pumping  systems  in  which  the  physical 
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arrangement  of  the  stations  impedes  the  direct  coupling  of  the  wind 
turbine  with  the  pump. 

Ramos  and  Ramos  [48]  and  Bueno  and  Carta  [51]  support  the 
widespread  use  of  wind  power  for  large-scale  pumping,  which 
indicates  the  feasibility  of  using  such  technology  in  CWSSs.  Purohit 
[47]  suggests  that  the  unit  cost  of  water  pumped  by  wind  power  is 
highly  variable,  depending  on  the  wind  potential  of  the  site  and 
the  design  parameters  of  the  system. 

Vilela  and  Fraidenraich  [52],  Mahmoud  and  el  Nather  [53], 
Odeh  et  al.  [54],  Ghoneim  [55],  Glasnovic  and  Margeta  [56]  and 
Ould-Amrouche  et  al.  [57]  evaluated  the  use  of  photovoltaic 
systems  (PSs)  for  water  pumping;  in  particular,  they  investigated 
the  use  of  water  pumping  for  urban  supply  and  irrigation.  As  in  the 
case  of  the  wind  systems,  the  PSs  are  studied  mainly  for  small- 
scale  pumping  applications  in  rural  and  remote  areas. 

Ould-Amrouche  et  al.  [57]  also  state  that  the  use  of  1000  PSs 
associated  with  1  kW  pumps  can  prevent  the  emission  of  4.2  t  of 
C02  per  year  in  comparison  to  internal  combustion  engines 
burning  diesel  oil.  The  authors  consider  PSs  more  costly  in  terms 
of  investment,  with  lower  costs  per  volume  of  water  pumped  in 
comparison  with  diesel-based  systems.  This  conclusion  confirms 
that  given  by  Mahmoud  and  el  Nather  [53], 

Due  to  the  high  initial  cost,  Odeh  et  al.  [54]  mention  that  the  use  of 
PSs  for  water  pumping  systems  has  been  limited  to  medium-scale 
systems  (11  kW  or  less).  For  attractiveness  rates  up  to  20%,  the  authors 
consider  the  PSs  advantageous  over  systems  that  use  internal  combus¬ 
tion  engines.  Moreover,  the  pump  head  is  directly  proportional  to  the 
unitary  cost  of  water  pumped,  and  this  variable  (the  pump  head)  is 
also  highlighted  by  Ghoneim  [55],  Ghoneim  [55]  suggests  that 
reductions  in  the  cost  of  wind  and  photovoltaic  equipment  due  to 
technological  advancement,  the  development  of  domestic  enterprises 
for  the  production  of  equipment  and  increased  demand  will  allow 
these  alternatives  to  become  economically  feasible  for  WSS  pumping 
in  the  medium  and  long  term. 

The  use  of  wind,  solar  and  hydro  hybrid  systems  in  purnped- 
storage  systems  is  described  by  Ramos  and  Ramos  [48]  and  Vieira 
and  Ramos  [58]  as  a  major  technological  alternative  for  the 
reduction  of  uncertainty,  which  is  inherent  to  both  pure  wind 
and  pure  solar  pumping  systems.  These  storage  systems  are 
analogous  to  reversible  hydropower  plants,  which  consist  of 
upstream  and  downstream  reservoirs  interconnected  by  hydro- 
power  and  pumping  systems.  Water  is  pumped  to  the  upper 
reservoir  during  the  electric  off-peak  periods  and  is  passed  into 
the  turbine  to  the  downstream  reservoir  in  the  electric  peak 
periods  [58];  alternatively,  the  water  can  be  pumped  in  accordance 
with  an  optimized  operation  schedule. 

3.2.  Hydropower  recovery 

The  hydropower  potential  of  water  supply  systems  has  been 
known  for  a  long  time;  however,  it  has  not  been  adequately  explored 
worldwide.  Cases  of  micro  turbines  used  for  power  generation  in 
water  supply  systems  have  been  reported  in  the  literature  (e.g.,  [29]). 
Systems  installed  in  areas  with  high  topographic  gradients,  in  which 
water  is  transported  by  gravity,  tend  to  offer  high  pressures  in  the 
water  mains  and  distribution  networks,  making  these  systems  capable 
of  hydroelectric  power  generation. 

In  addition  to  generating  electricity,  turbines  installed  in  water 
distribution  networks  can  act  as  pressure  control  systems,  replacing 
the  pressure  reducing  valves  (PRVs),  which  are  important  tools  in  the 
management  of  water  losses/leakages  [48,42],  While  PRVs  reduce  the 
pressure  through  the  dissipation  of  energy,  water  turbines  can  convert 
this  excess  pressure  into  useful  electricity  [59,42], 

The  main  benefits  of  hydraulic  energy  recovery  in  WWSs, 
according  to  Vieira  and  Ramos  [58],  include  increases  in  the 
energy  efficiency  of  the  system  through  the  use  of  local  sources 


and  decreases  in  the  dependence  on  external/grid  energy;  addi¬ 
tionally,  hydraulic  energy  recovery  favors  overall  reduced  opera¬ 
tional  costs.  Vieira  and  Ramos  [58]  also  emphasize  that  the 
implementation  of  small  hydro  plants  in  WSSs  presents  a  con¬ 
siderably  reduced  implementation  cost  because  many  of  the 
necessary  components  are  already  present  in  typical  WWSs. 

3.3.  The  management  of  pressure  and  water  losses 

"Water  losses”  are  technically  identified  as  leakages  or  struc¬ 
tural  problems  in  reservoirs,  as  non-physical  losses  represented  by 
billing  and  metering  errors  and  as  a  synonym  to  leakages  in  pipes 
and  distribution  networks.  The  final  definition  is  accepted  as  the 
most  adequate  for  the  present  paper  in  consideration  that  such 
losses  are,  in  general,  the  major  types  that  occur  in  WSSs. 

According  to  Ulanicki  et  al.  [60],  the  use  of  pressure  control  is  a 
cost-effective  measure  to  reduce  leakages  in  water  distribution 
systems.  According  to  the  authors,  in  addition  to  reducing  the 
existing  leaks  and  preventing  the  emergence  of  new  leaks, 
pressure  management  reduces  the  incidence  of  pipeline  ruptures, 
avoiding  the  associated  repair  costs  as  well  as  the  disruption  of 
traffic  on  public  roads  and  the  supply  of  water  to  the  customers. 

Leakages  are  considered  to  be  pressure-driven  demands  in  the 
hydraulic  analysis  and  modeling  of  water  losses  [61,28].  The 
relationship  between  pressure  and  leakage  compromises  the 
demand  management  and  the  conventional  modeling  of  distribu¬ 
tion  networks,  which  requires  a  much  larger  amount  of  data  and  a 
significant  research  effort  for  a  full  understanding  of  the  hydraulic 
behavior  of  these  networks  in  real  situations.  All  of  these  require¬ 
ments  are  in  addition  to  the  usual  sources  of  information,  such  as 
telemetry,  water  bills  and  water  meters  [62],  The  real  leakage 
flows  are  usually  unknown,  and  the  nodal  demands  modeled 
without  considering  these  flows  may  result  in  errors  in  pressure 
determination  [63], 

According  to  Cabrera  et  al.  [28],  leakages  can  be  modeled  as 
energy  leaving  the  control  volume,  which  is  analogous  to  the 
hydraulic  power  supplied  to  consumers  in  the  form  of  the  network 
pressure.  Effective  pressure  management  is  almost  always  part  of 
the  management  strategy  for  water  losses:  while  it  is  possible  to 
reduce  leakage  flows  by  reducing  network  pressures,  this  strategy 
must  consider  the  maintenance  of  sufficient  nodal  pressures  to 
meet  the  real  water  demands  of  the  consumers  [42]. 

Araujo  et  al.  [41  ]  and  Nicolini  et  al.  [64]  indicate  that  the  use  of 
devices,  such  as  pressure-reducing  valves  (PRVs)  in  particular,  to 
increase  the  head  losses  in  the  network  is  the  most  frequently 
used  technology  for  pressure  management  and  leakage  reduction. 
The  use  of  PRVs  may  seem  paradoxical  in  relation  to  the  energy 
efficiency  of  the  system  because  the  incorporation  of  minor  head 
losses  is  considered  a  goal  during  the  design  of  networks  and 
pipelines.  Some  initial  challenges  to  the  successful  use  of  PRVs  are 
the  quantification  and  positioning  of  valves  in  the  network  to 
produce  the  desired  effects  and  the  simultaneous  maintenance  of 
the  operational  pressure  limits  at  adequate  levels. 

The  optimal  positioning  and  quantification  of  PRVs  can  be  accom¬ 
plished  by  hydraulic  simulation  in  association  with  the  use  of 
optimization  techniques,  such  as  genetic  algorithms  [41,65],  The  use 
of  genetic  algorithms  to  locate  and  determine  the  optimal  operation  of 
VRPs  has  been  the  focus  of  several  scientific  studies  [64], 

Ulanicki  et  al.  [60]  evaluated  predictive  pressure  control  stra¬ 
tegies  based  on  demand  forecasting,  hydraulic  modeling/simula¬ 
tion  and  a  feedback  strategy  in  which  the  system  pressure  is 
adjusted  against  an  optimal  pressure-flow  curve  for  the  control 
area,  which  is  based  on  continuous  pressure  measurements.  In  the 
cases  studied,  leakage  reductions  as  high  as  50%  were  found. 

Assuming  that  it  is  impossible  to  totally  eliminate  leakages  in 
water  distribution  networks  [66,67],  it  is  essential  to  use  corrective 
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actions  in  addition  to  management  techniques  based  on  pressure 
control.  According  to  Li  et  al.  [68],  the  main  issues  involved  in 
controlling  leaks  are  (1)  the  rapid  and  effective  detection  of 
leakages,  (2)  the  prediction  and  assessment  of  leakage  probability 
in  different  zones  of  the  network,  (3)  the  classification  and 
management  of  these  zones  within  the  system  as  a  whole,  and 
(4)  the  management  of  measurement  instruments  and  the  use  of 
such  data  for  system  optimization. 

The  detection  and  location  of  existing  non-visible  leakages 
typically  occur  through  the  use  of  acoustic  instrumentation,  which 
interprets  the  noise  generated  by  the  leakages  [69,70],  Examples 
of  acoustic  detection  equipment  include  listening  aquaphones 
(used  in  direct  contact  with  pipes  and  hydro-mechanical  compo¬ 
nents),  ground  microphones  for  locating  noises  associated  with 
buried  pipes  and  state-of-the-art  leakage  noise  correlators  [71  j. 

A  question  is  raised  regarding  the  significant  percentage  of  water 
that  is  still  lost  in  the  majority  of  the  water  supply  systems  around  the 
world,  despite  the  fact  that  the  water  loss  problems  and  the  methods 
and  technologies  to  combat  water  loss  are  widely  disseminated  in  the 
literature  and  currently  dominated  by  engineering  efforts.  The  litera¬ 
ture  points  that  the  answer  to  this  question  is  strongly  related  to  the 
cost/benefit  ratio  of  eliminating  leakages  (especially  the  replacement 
and/or  repair  of  pipes  alone),  that  is  not  attractive  to  managers  of 
systems  from  a  strictly  financial  point  of  view.  Because  a  zero  water 
leakage  rate  is  not  a  plausible  goal,  the  concept  of  Economic  Level  of 
Leakage  (ELL)  has  been  defined  as  the  point  at  which  the  marginal  cost 
of  active  leakage  control  equals  the  marginal  cost  of  the  water  [67], 
According  to  Venkatesh  [67],  the  rehabilitation  of  pipes  is  rarely 
performed  for  the  sole  purpose  of  eliminating  leakages;  additionally, 
issues  such  as  the  reliability  and  the  improvement  of  water  quality  are 
difficult  to  assess  and  demand  a  holistic  analysis  of  costs  and  benefits. 
This  paradigm  shift  in  light  of  the  definition  of  ELLs  occurs  through  the 
evolution  of  a  purely  financial  concept  into  another,  which  considers 
the  environmental  and  social  aspects  and  was  first  reported  by  Ashton 
and  Elope  [72],  for  whom  the  lack  of  consensus  on  environmental 
valuation  techniques  is  a  strong  barrier  to  their  incorporation  in  the 
accounting  process  during  the  calculation  of  ELLs. 

As  mentioned  in  Section  3.2,  a  more  energy  efficient  means  of 
reducing  pressures  in  a  water  network  is  to  use  hydraulic  turbines 
instead  of  PRVs.  Hydraulic  turbines  can  convert  excess  pressure 
into  useful  hydropower,  instead  of  dissipating  the  energy  by 
increasing  the  head  losses,  which  is  the  result  of  PRV  use. 


3.4.  Operational  optimization 

Conceptually,  the  operational  optimization  problem  of  a  CWSS, 
when  focused  on  energy  management  and  conservation,  aims  to 
minimize  the  energy  consumption  and  demand;  the  minimization 
process  is  subject  to  operational  limits  and  service  levels  in 
supplying  demands  with  the  minimum  required  pressure  levels, 
while  considering  the  system's  spatial  and  temporal  operational 
scales. 

Burgschweiger  et  al.  [33]  consider  the  reduction  of  costs 
associated  with  electricity  as  the  primary  operational  goal  of  WSSs 
given  the  relevance  of  electricity  in  business  accounting.  They  also 
describe  the  difficulties  of  modeling  the  problem  of  operational 
optimization  of  WSSs  because  modeling  involves  both  discrete  and 
continuous  decisions  in  addition  to  the  complexity  due  to  the 
incorporation  of  closed-loop  networks  and  temporal  coupling 
throughout  the  planning  horizon. 

One  advantage  of  operational  optimization  over  other  hydraulic 
and  energetic  efficiency  measures  is  that  it  is  not  a  structural 
intervention,  hence  it  may  be  deployed  in  general  without  the  need 
for  large  investments.  Additionally,  the  economic  benefits  from 
operational  optimization  are  realized  in  the  short  term  [35,36], 


The  operational  optimization  of  WSSs  can  be  performed 
through  four  steps,  including  (1)  establishing  the  definition  of 
the  optimization  problem  (the  objective  function),  (2)  carrying  out 
the  computational  modeling  of  the  system,  (3)  calibrating  and 
validating  the  hydraulic  model,  and  (4)  performing  the  simulation 
and  optimization  procedures. 

The  objective  function  of  the  operational  optimization  problem 
of  WSSs  can  assume  various  forms.  For  example,  the  objective  can 
be  to  maintain  the  minimum  pressure  on  the  network  or  to 
minimize  the  pumping  costs  through  the  use  of  pumps  with 
variable  speeds  [73],  Alternatively,  the  objective  can  be  to  mini¬ 
mize  leakages  by  the  optimal  control  of  reduction  valves  [74,75]  or 
to  adjust  the  flow  rates  and  pressures  offered  to  consumers 
through  pump  operations  [76],  Further  objectives  include  the 
minimization  of  water  losses  through  pressure  control  by  defining 
the  optimal  levels  of  reservoirs  [63]  or  the  minimization  of  the 
cost  of  pumping  energy  by  using  the  best  combination  of  multiple 
operating  motor-pump  sets  [35,36],  The  final  example  is  to 
maximize  energy  efficiency  of  a  supply  system  that  uses  water 
and  wind  turbines  for  power  generation  [77,78], 

The  modeling  step  consists  of  formulating  the  system  in  a 
discrete  computational  interface,  which  allows  the  components 
and  the  hydraulic  behavior  of  the  system  to  be  represented  in  a 
simplified  form.  For  this,  data  are  needed  regarding  the  physical 
structure  of  the  system,  such  as  the  pump  curves,  the  diameters 
and  roughness  of  the  pipes,  as  well  as  the  geometric  character¬ 
istics  of  the  network  (the  layout  of  pipes  and  the  topographic 
elevations).  The  hydraulic  models  briefly  described  in  Section  3.8 
of  this  article  “[...]  are  widely  used  for  analyzing  the  behavior  of 
the  system  under  different  scenarios,  but  a  reliable  prediction  may 
only  be  achieved  with  the  calibrated  model”  [64], 

The  hydraulic  models  are  calibrated  by  comparing  the  model 
results  with  observed  values.  This  step  is  followed  by  adjusting  the 
parameters  (e.g.,  the  pipes  roughness  and  the  spatial  distribution 
of  demands)  to  minimize  the  difference  between  the  modeled 
(simulated)  and  measured  (observed)  results  [79],  After  calibra¬ 
tion,  the  model  can  be  validated  by  comparing  its  results  with  an 
observed  data  set,  one  which  was  not  used  during  the  calibration; 
additionally,  the  comparison  can  be  carried  out  under  different 
systems  conditions. 

Once  calibrated  and  validated,  the  hydraulic  model  can  be  coupled 
to  an  optimization  module,  which  uses  computational  optimization 
techniques  (for  example,  genetic  algorithms)  [35,36,63]  to  search  for 
the  optimal  solution  of  a  given  objective  function. 

The  optimization  approach  described  assumes  that  the  opera¬ 
tional  characteristics  of  the  system  over  time  are  known;  that  is, 
the  optimal  value  of  the  objective  function  is  obtained  for  a 
particular  temporal  pattern  of  hydraulic  parameters,  especially 
water  demand.  The  knowledge  of  water  demands  (generally  on  an 
hourly  basis)  is  considered  by  Herrera  et  al.  [80]  as  a  key  factor  for 
the  application  of  hydraulic  models  aimed  at  increasing  the  energy 
efficiency  of  WSSs  through  operational  optimization. 

A  different  approach  considers  the  real  time  operational 
optimization.  Through  the  use  of  hydraulic  monitoring  systems 
(which  measure  the  flow  rates,  pressures  and  water  levels)  at 
representative  points  of  the  system  and  their  association  with 
supervisory  and  control  systems,  components  such  as  pumps  and 
valves  can  be  operated  according  to  the  system's  hydraulic  and 
energetic  behavior,  which  is  based  on  pre-established  operational 
limits.  This  approach  is  proposed  by  Campisano  et  al.  [81]  to 
reduce  leakage  through  the  use  of  real  time  valve  operation. 
Giacomello  et  al.  [82]  suggested  a  hybrid  method  of  integrating 
the  linear  programming  with  a  Greedy  Algorithm  for  real-time 
pump  scheduling,  which  was  aimed  to  reduce  energy  costs.  After 
testing  the  model  both  in  a  benchmark  and  in  a  real  system, 
Giacomello  et  al.  [82]  concluded  that  the  proposed  hybrid 
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algorithm  was  more  efficient  in  finding  the  optimal  solution  than 
genetic  algorithm,  which  is  commonly  used  for  the  operational 
optimization  of  WSSs. 

Whatever  approach  is  taken,  the  importance  of  hydraulic  and 
energetic  monitoring  of  a  WSS  to  generate  data  and  characterize 
the  spatial-temporal  patterns  of  its  main  variables  is  evident. 
Ideally,  monitoring  should  go  beyond  the  basic  measurement 
systems  of  WSSs,  which  involves  the  hydraulic  and  electric 
motor-pump  set  parameters  and  the  macro-measurement  of  flow 
and  reservoir  levels  in  water  treatment  plants,  all  of  which  tend  to 
be  manually  recorded,  particularly  in  developing  countries.  The 
ideal  cited  monitoring  involves,  in  addition  to  the  basic  measures, 
reaching  a  level  of  real-time  telemetric  monitoring  of  hydraulic 
parameters  at  strategic  points  within  the  distribution  system, 
which  are  the  so-called  district  metered  areas  considered,  for 
example,  in  Tabesh  et  al.  [83], 

3.5.  The  use  of  efficient  motor-pump  sets 

Kaya  et  al.  [39]  claim  that  30%  of  the  energy  consumed  by 
hydraulic  pumps  can  be  avoided  through  the  use  of  better  designs 
and  the  selection  of  appropriate  equipment.  According  to  the 
authors,  the  maximum  efficiency  point  of  a  pump  can  be  achieved 
by  using  the  correct  selection/design  and  according  to  the  working 
conditions  and  the  system  design. 

With  respect  to  pumps,  the  use  of  oversized  motors  for 
operating  under  critical  load  situations  is  another  significant 
source  of  waste  because  this  approach  generally  shifts  the 
machine  operation  into  less  efficient  regions  [39],  The  highest 
efficiency  points  of  electrical  motors  are  located  in  the  region  of 
the  efficiency  curve  in  excess  of  75%  of  the  maximum  load. 
According  to  Kaya  et  al.  [39],  motor  efficiencies  vary  from  70%  to 
96%,  and  high-efficiency  motors  must  be  prioritized  during  selec¬ 
tion  and  acquisition. 

According  to  de  la  Torre  [84],  parameters  such  as  the  specific 
speed,  the  suction  specific  speed  and  the  net  positive  suction  head 
(NPSH)  influence  not  only  the  selection  of  more  efficient  centri¬ 
fugal  pumps  but  also  the  maintenance  of  these  levels  of  efficiency 
and  the  reduction  of  repair  periods  during  the  equipment  lifetime. 

The  specific  speed  is  a  dimensionless  parameter,  which  defines 
the  geometry  of  the  pump  impeller  (all  impellers  with  the  same 
geometry  have  the  same  specific  rotation,  regardless  of  size). 
According  to  de  la  Torre  [84],  the  specific  speed  associates  the 
discharge  with  the  speed  and  the  head  that  the  impeller  is  capable 
of  providing.  This  definition  considers  each  impeller  vane  at  the 
best  efficiency  point.  The  author  also  comments  on  the  importance 
of  this  parameter  in  association  with  energy  efficiency. 

The  primary  influence  of  the  specific  speed  on  the  hydraulic 
behavior  of  a  pump  occurs  in  the  efficiency  curve  shape  (the  curve 
flattens  with  decreasing  specific  speed),  which  is  an  important 
factor  for  the  control  of  the  equipment.  According  to  de  la  Torre 
[84],  the  optimal  efficiency  of  a  centrifugal  pump  occurs  for  a 
specific  speed  of  34.  At  the  same  specific  speed,  volute  pumps  with 
rotors  tend  to  be  more  efficient  than  diffusion  pumps. 

The  suction  specific  speed  is  another  dimensionless  parameter. 
In  particular,  it  expresses  the  flow  capacity  of  the  pump  suction, 
connecting  the  flow  in  each  impeller  passage  to  the  required  NPSH 
at  3%  head  losses  (NPSHR3^),  where  both  are  at  the  point  of  best 
efficiency.  This  parameter  depends  on  the  geometry  of  the 
impeller  and  the  aperture  size.  From  de  la  Torre  [84],  the  limit  of 
suction  specific  speed  for  water  is  185  (with  units  in  the  Interna¬ 
tional  System),  and  values  above  185  can  cause  cavitation.  For 
suction  specific  speeds  less  than  185,  the  NPSHR  curve  tends  to  be 
flatter  with  a  more  favorable  range  of  values.  In  the  case  of  values 
above  this  reference,  the  NPSHR  at  the  best  efficiency  point  tends 
to  be  lower  but  will  increase  quickly  at  other  operating  points. 


The  net  positive  suction  head  (NPSH)  is  the  difference  between 
the  total  absolute  pressure  in  the  suction  flange  of  the  pump  and 
the  steam  pressure  of  the  liquid  in  question  and  is  expressed  in 
meters  [84].  It  is  divided  into  the  available  NPSH  (NPSHA),  which 
represents  the  pressure  head  in  the  pump  suction  provided  by  the 
installation  in  question,  and  the  required  NPSH  (NPSHr),  which  is 
the  lower  suction  pressure  under  which  cavitation  occurs.  De  la 
Torre  [84]  recommends  that  the  NPSHa  must  be  1.5  to  2.0  times 
the  NPSHrbs;  so  that  the  life  of  the  impeller  reaches  40,000  h 
without  suffering  erosion  by  cavitation,  pressure  drop,  vibration  or 
noise.  The  NPSHR33;  is  obtained  in  associating  with  a  3%  head  loss 
according  to  the  NPSHr  calculation.  According  to  the  NBR  12.214 
standard  [85],  the  NPSHA  should  be  20%  or  at  least  0.5  m  above  the 
NPSHr. 

Another  relevant  observation  from  to  de  la  Torre  [84]  considers 
the  use  of  higher  capacity  pumps  in  comparison  to  smaller 
machines.  It  is  known  that  the  performance  of  a  centrifugal  pump 
tends  to  increase  directly  with  the  size/capacity,  which  provides  an 
energy  advantage  over  the  use  of  several  smaller  pumps.  More¬ 
over,  the  use  of  multiple  sets  of  smaller  motor-pumps  provides 
more  flexibility  to  a  given  operating  station,  particularly  when 
there  is  significant  variation  in  the  flow.  Therefore,  both  cases 
must  be  considered  when  selecting  pumps  in  light  of  energy 
efficiency  constraints;  further,  the  cases  can  even  be  used  together. 

Kaya  et  al.  [39]  suggest  that  pumps  operating  at  flow  rates 
below  40%  of  the  nominal  value  have  increased  levels  of  vibration, 
noise  and  radial  loads  in  addition  to  a  significant  decrease  in 
efficiency.  During  the  lifetime  of  the  pump,  it  is  possible  to  achieve 
an  increase  in  the  efficiency  through  the  elimination  of  roughness 
and  crusts,  which  occur  as  a  result  of  material  aging  [39], 

Labeling  programs,  which  provide  a  basis  for  energy  efficiency 
comparisons  between  various  equipment  types  (including  pumps 
and  motors),  are  key  initiatives  for  increasing  the  hydraulic  and 
energetic  performance  of  pumping  systems.  Saidur  [86]  presents  a 
summary  of  the  Mandatory  Energy  Performance  Standards  (MEPS) 
for  motors,  which  establishes  standards  for  the  energy  perfor¬ 
mance  of  these  products.  The  summary  of  this  standard,  as 
analyzed  by  the  author,  is  presented  below;  USA  Energy  Policy 
Act  -  EPAct  (1992);  USA  Energy  Policy  Act  -  EPAct  (1992),  Canada's 
Energy-Efficiency  Act  (EEAct)  (1992),  which  is  very  similar  to 
EPAct;  Mexico’s  NOM-016-ENER-2002,  with  similar  indexes  as 
that  of  EPAct,  Brazil  considers  NEMA12-9,  according  to  the 
Brazilian  Labeling  Program  [87];  CEMEP  European  Union  [88], 
Australia’s  Energy  Performance  Program  -  MEPS  (AS  1359.5:2004). 

The  labeling  and  determination  of  minimum  energy  efficiency 
levels  for  pumps  are  also  under  development.  In  Europe,  for  example, 
actions  have  been  taken  in  this  direction  through  the  European 
Association  of  Pump  Manufacturers  [89]  and  by  the  European  Union 
based  on  studies  within  the  Ecodesign  Directive  [90], 

3.6.  The  use  of  variable  speed  motor-pump  sets 

The  flow  variation  in  pumping  systems  may  occur  as  a  result  of 
several  situations,  such  as  the  need  to  turn  pumps  on  only  when 
required  (partial  load  operation),  the  use  of  a  by-pass  to  return  a 
portion  of  the  pumped  flow  to  the  suction  tank,  the  use  of  a 
suction  tank  with  a  variable  level,  the  insertion  of  head  losses  in 
the  system  through  the  throttling  of  control  valves,  changes  in  the 
rotation  of  the  pump  by  hydraulic  or  electrical  coupling  between 
the  pump  and  engine,  the  use  of  pumps  operating  in  parallel,  or 
the  use  of  inverters  in  the  engines  [39], 

According  to  Gibson  [91],  variable-speed  drives  (VSD)  are  an 
energy-efficient  alternative  for  controlling  pump  flows  and  can  be 
used  similar  to  traditional  options,  such  as  the  throttling  of  valves. 
According  to  the  author,  the  effectiveness  of  VSDs  on  flow  control 
depends  on  the  interaction  between  the  pump  characteristic  curve 
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(head  x  discharge)  and  the  process/system  curve.  This  includes  the 
use  of  the  magnitude  of  required  speed  variation  to  obtain  the 
maximum  and  minimum  required  flow  rates  in  addition  to  the 
unstable  regions  in  the  pump  curve,  which  are  usually  located  in 
the  range  below  35%  of  the  nominal  flow.  Thus,  the  selection  of 
pumps  with  curves  suitable  for  speed  control  should  be  consid¬ 
ered  in  projects  that  seek  to  optimize  the  energy  efficiency  of  the 
system. 

3.7.  Optimization  of  the  storage  capacity  and  the  reservoir  operation 

Significant  cost  reductions  in  water  supply  systems  can  be 
obtained  by  optimizing  the  storage  capacity  of  reservoirs  in 
conjunction  with  the  optimal  control  of  pumping  stations  with 
variable  electricity  rates  [92].  According  to  Fang  et  al.  [92],  the 
optimal  operation  of  distribution  systems  with  multiple  water 
storage  reservoirs  and  multiple  sources  is  a  large-scale  nonlinear 
optimization  problem  with  continuous  and  discrete  variables; 
apparently,  this  problem  is  also  difficult  to  solve. 

The  use  of  water  storage  can  minimize  pumping  requirements 
during  peak  demand  periods  for  electric  power  [93],  and  this 
approach  constitutes  a  common  practice  when  energy  prices  vary 
over  time.  Despite  the  importance  of  tanks  for  the  efficient 
operation  of  WSSs,  including  their  positive  impact  on  energy 
efficiency,  there  are  few  models  specifically  targeted  to  identify 
optimized  designs  of  distribution  networks  that  include  tanks  [94], 
According  to  Batchabani  and  Fuamba  [94],  the  genetic  algorithm 
technique  is  the  preferred  approach  in  modeling  and  optimizing 
this  type  of  problem  today. 

The  model  of  operating  rules  for  reservoirs  proposed  by  Fang 
et  al.  [92]  consists  of  maintaining  the  tank  level  as  high  as  possible 
during  off-peak  periods  and  removing  the  reservoir  inflow  during 
the  peak  period.  If  a  drawdown  to  the  minimum  operational  level 
occurs,  water  is  supplied  to  maintain  this  level  until  the  peak 
period  ends. 

Vamvakeridou-Lyroudia  et  al.  [95]  developed  an  investigation 
on  the  design  of  water  distribution  networks  in  which  reservoirs 
and  their  physical  and  operational  characteristics  are  considered 
as  decision  variables  in  an  optimization  problem;  their  study 
approaches  the  analysis  with  the  use  of  genetic  algorithms.  The 
simulation  considered  the  daily  operational  pattern  of  a  classical 
system  from  literature  and  proposed  an  engineer-oriented 
approach,  which  considers  the  tanks  (and  their  hydraulic  and 
operational  characteristics)  to  be  decision  variables  in  the  network 
design. 

The  pump-storage  reservoir  in  association  with  hydro-turbines 
offers  a  operational  alternative  for  the  management  of  water 
demand,  allowing  for  the  generation  of  renewable  energy  from 
water  supply  systems  and  taking  advantage  of  a  significant 
fraction  of  the  existing  structure  (tanks,  pipes,  etc.).  According  to 
Vieira  and  Ramos  [58],  in  addition  to  guaranteeing  continuous 
flow  during  daily  operation,  the  adaptation  of  water  supply 
systems  to  this  alternative  reduces  the  external  energy  depen¬ 
dence  and  the  operational  costs. 

3.8.  Optimized  pipe  and  network  designs 

The  optimal  design  of  water  distribution  systems  is  a  widely 
explored  research  area,  which  still  faces  many  barriers  and 
practical  challenges  [96],  such  as  the  difficulty  in  defining  the 
objective  functions  and  constraints,  the  variability  of  flow  in  the 
network,  the  design  optimization  difficulties  related  to  the  fact 
that  these  systems  are  not  typically  constructed  at  once,  and  the 
fact  that  solutions  of  optimization  problems  directed  at  cost 
minimization  often  lead  to  under-sized  networks. 


Composed  of  pipes,  pumps,  valves  and  other  components,  the 
water  distribution  networks  are  modeled  and  simulated  based  on 
the  laws  of  mass  conservation  (the  hydraulic  balance  between  the 
provided  and  consumed  flows)  and  energy  conservation  (which 
relates  the  hydraulic  heads  and  losses  over  the  network).  The 
flows  in  these  laws  are  governed  by  complex,  non-linear,  non- 
convex  and  discontinuous  hydraulic  equations  [97], 

The  classical  and  extensively  described  model  of  water  dis¬ 
tribution  network  design  optimization  has  as  an  objective  function 
the  minimization  of  network  deployment  costs,  which  are  used  to 
define  the  smallest  pipe  diameters  that  meet  the  hydraulic 
requirements  in  terms  of  the  pressures  and  flows  [97-104,32], 
Some  methodologies,  such  as  those  presented  by  Gomes  and  Silva 
[31]  and  Prasad  [105],  consider  the  minimization  of  the  total 
system  costs  over  the  system  lifetime,  which  involves  the  installa¬ 
tion  costs  (costs  of  pipes,  pumps  and  accessories)  and  the  opera¬ 
tional  costs  (mainly  energy). 

In  this  context,  the  energy  efficiency  of  the  system  is  analyzed 
as  a  secondary  issue,  and  any  reduction  in  the  energy  used  occurs 
as  a  result  of  the  minimization  of  operational  costs  (pumping 
energy,  mainly).  That  is,  the  optimization  process  determines  the 
optimum  economic  condition  of  the  system,  which  in  most  cases 
is  not  equal  to  its  optimum  condition  in  terms  of  energy  use. 

Walski  [106]  criticized  the  use  of  optimization  techniques  for 
the  design  of  water  distribution  networks  aimed  simply  to  mini¬ 
mize  the  associated  costs.  For  this  author,  the  design  of  water 
distribution  networks  is  a  multiobjective  problem,  and  the  objec¬ 
tive  function  to  “minimize  the  costs”  should  be  replaced  by 
another  likely  function  to  “maximize  the  benefits  of  the  network.” 
Walski  [106]  asserts  that  one  of  the  problems  associated  with  the 
implementation  of  this  new  paradigm  is  the  definition  of  network 
benefits  (e.g.,  increased  capacity),  which  in  practice  can  be 
established  with  the  aid  of  designers  and  skilled  operators. 

In  practice,  the  optimum  design  of  a  water  distribution  network 
is  accomplished  through  the  coupling  of  two  modules,  including 
(1)  the  optimization  module,  which  is  composed  of  algorithms 
responsible  for  determining  the  optimal  solution  of  the  objective 
function  (minimization  of  the  investment  or  operating  costs,  for 
example),  and  (2)  the  hydraulic  simulation  module,  which  is 
responsible  for  the  simulation  of  system  conditions  based  on  mass 
and  energy  balances  and  the  determination  of  the  hydraulic 
characteristics  associated  with  the  constraints  of  the  optimization 
problem  (the  demands,  pressures,  and  head  losses  along  the 
network  analyzed  in  the  temporal  and  spatial  scales).  One  of 
the  most  commonly  used  and  tested  hydraulic  simulation  modules 
in  the  world  is  the  EPANET  [107],  which  is  distributed  by 
the  United  States  Environmental  Protection  Agency  (EPA)  and 
is  accepted  by  the  scientific  community  and  engineers  responsible 
for  modeling  WSSs. 

The  proposed  techniques  for  the  optimum  design  of  WSSs  vary 
from  linear  and  non-linear  programming  methods  to  variations  in 
evolutionary  algorithms  and  heuristics.  Table  2  presents  a  sum¬ 
mary  of  several  studies  conducted  on  pipe  and  network  system 
design  optimization. 


4.  Analysis  of  the  opportunities  for  energy  efficiency  and 
hydraulic  improvements  in  CWSSs 

After  reviewing  the  relevant  literature,  several  technological 
alternatives  for  energy  and  hydraulic  improvements  in  CWSSs 
were  identified,  further  revealing  that  some  are  more  promising 
than  others.  Hence,  a  consistency  analysis  must  be  performed  to 
identify  the  real  opportunities. 

Storage  capacity  optimization  is  an  alternative  that  presents 
significant  potential  for  exploitation,  especially  in  a  climate  change 
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Table  2 

A  summary  of  the  optimization  methods  applied  to  pipe  and  network  design. 


Author  Proposed  method  Objective  function  Main  results  and  conclusions 


Gupta  et  al.  Genetic  algorithms 

[98] 


Afshar  et  al. 
[108] 


General  purpose  optimization 
package  (DOT)  combined  with  an 
floating  algorithm 


Keedwell  and  Hybrid  genetic  algorithm  with 

Khu  [97]  cellular  automata 


Gomes  and  Non-linear  programming  (Gradiente 

Silva  [31]  Reduzido  Generalizado) 


Samani  and  Integer  linear  programming 

Mottaghi 

[99] 

Zecchin  et  al.  Ant  colony  optimization  based 

[100]  algorithms 


Bai  et  al.  [109]  Combined  quadric  orthogonal 

circumrotation  regression  design, 
quadratic  programming  and  linear 
programming 

Vamvakeridou-  Multiobjective  genetic  algorithm 
Lyroudia 
et  al.  [95] 


Chu  et  al.  [101]  Modified  Immune  algorithm 


di  Pierro  et  al.  Multiobjective  hybrid  algorithms 
[96]  (ParEGO  and  LEMMO) 


Banos  et  al.  Memetic  algorithm 

[102] 


Bolognesi  et  al.  Genetic  Heritage  Evolution  by 
[103]  Stochastic  Transmission  algorithm 

Cisty  [104]  Combined  genetic  algorithm  and 

linear  programming  method  (GALP) 


Mohan  and  Honey-bee  mating  optimization 
Babu  [32] 


Montalvo  et  al.  Multiobjective  particle  swarm 
[30]  optimization 


Prasad  [105]  Genetic  algorithm 

Wu  et  al.  [110]  Multiobjective  genetic  algorithm 


Minimize  the  network  investment  cost 


Minimize  the  network  investment  cost,  considering 
the  system  reliability 


Minimize  the  network  investment  cost 


Minimize  total  cost  (sum  of  investment  cost  and 
pumping  energy  cost) 


Minimize  the  network  investment  cost 


Minimize  the  network  investment  cost. 


Minimize  annual  cost 


The  target  is  to  minimize  construction  and  energy  costs 


Minimize  the  network  investment  cost 


Minimize  the  total  cost  and  head  deficit 


Minimize  the  network  investment  cost 


Minimize  the  network  investment  cost 


Minimize  the  network  investment  cost 


Minimize  the  network  investment  cost 


Minimize  the  network  investment  cost,  minimize  the 
lack  of  pressure  in  nodes,  and  minimize  costs  of  the 
water  not  delivered  due  to  disruptions  in  the  system 
and  associated  repair  costs 

Minimize  total  cost  (sum  of  investment  cost  and 
energy  cost) 

Minimize  total  economic  cost  of  the  system  and 
greenhouse  gas  emissions  of  the  system 


Genetic  algorithms  performed  better  solutions  for 
medium  size  networks  in  comparison  with  non-linear 
programming 

In  two  steps,  the  method  defines  the  optimal  size  of  a 
network  of  pipes  followed  by  the  best  (lowest  cost) 
possible  arrangement  of  pipes  based  on  the  network 
reliability. 

The  proposed  method  outperforms  the  conventional 
non  heuristic-based  genetic  algorithms,  producing 
more  economically  designed  water  distribution 
networks 

The  effects  of  parameter  variations  on  the  operating 
conditions  of  the  project  should  be  considered  in  the 
methods  of  the  economic  design  of  water  supply 
systems 

The  choice  of  the  decision  variables  is  crucial  in  the 
initial  performance  of  this  technique,  which  tends  to 
converge  quickly  to  the  optimal  solution  when  the 
choice  is  well  made. 

An  additional  mechanism  offered  by  the  Max-Min  Ant 
System  technique,  effective  in  improving  the 
performance  of  the  algorithms  of  a  conventional  ant 
colony 

Each  of  the  techniques  was  applied  to  solve  specific 
parts  of  the  problem  (the  optimal  diameter,  the 
optimal  distribution  of  flows  and  the  minimum  cost  of 
pumping),  allowing  the  methodology  to  be  applied  in 
both  systems  with  pumping  or  by  gravity 
The  paper  proposed  an  “engineering  oriented” 
approach  to  the  simulation  of  tanks  as  decision 
variables  for  water  distribution  system  design 
optimization,  considering  capacity  and  minimum 
operational  volume  as  decision  variables,  and  omitting 
risers.  The  shape  and  ratio  between  emergency /total 
capacities  were  taken  into  consideration  as  design 
parameters 

The  immune  algorithm  identifies  the  optimal  solutions 
with  significantly  fewer  evaluations  than  genetic 
algorithms  or  others.  Integrating  an  immune  algorithm 
with  a  genetic  algorithm  increases  the  optimization 
performance 

LEMMO  is  a  good  technique  for  complex  network 
design  problems  in  which  time  or  financial 
considerations  allow  for  a  limited  number  of  hydraulic 
simulations  to  be  performed.  ParEGO  can  be 
successfully  applied  to  reduce  the  number  of  expensive 
simulations  in  small  or  medium  scale  networks 
The  meta-heuristic  methods  used  performed  well  in 
medium  size  networks,  but  a  greater  computational 
effort  was  needed  to  obtain  the  most  accurate  results 
in  large-scale  networks 

The  technique  performed  similar  to  other  studies  on 
the  optimization  of  small  networks  and  provided 
superior  performance  in  optimizing  large  networks 
The  aggregation  of  the  linear  programming  module  to 
the  genetic  algorithm  effectively  bypassed  some 
limitations  of  this  technique,  as  described  by  the 
author 

Honey-bee  mating  optimization  identifies  the  optimal 
solution  with  fewer  evaluations  or  iterations  in 
comparison  with  genetic  algorithms,  simulated 
annealing  and  the  shuffled  frog  leaping  algorithm 
The  authors  highlight  the  importance  of  integrating 
the  search  ability  of  the  algorithms  with  the 
experience  of  experts  because  the  proposed  method  is 
based  in  a  computer-human  integrated  system  to 
obtain  the  global  optimum,  not  a  local  optimum 
The  technique  resulted  in  optimal  solutions  with  lower 
costs  in  comparison  to  the  results  of  other  researchers 
The  paper  considered  the  use  of  variable-speed 
pumping  during  the  optimization  of  network  design 
for  the  reduction  of  total  costs  and  GHG  emissions  and 
concluded  that  variable-speed  pumps  are  effective  for 
achieving  the  multiple  objectives 
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scenario.  In  certain  regions,  the  possibility  of  changes  in  hydro- 
logical  patterns  may  cause  scarcity  in  areas  that  currently  have 
sufficient  water  availability.  Although  present  in  WSSs  project 
standards  worldwide,  the  storage  capacity  is  usually  defined  based 
on  static  scenarios  of  consumption  and  on  projections  of  popula¬ 
tion  growth  in  association  with  the  hydrological  behavior  of  the 
considered  watersheds.  Assuming  that  hydrological  variability  is 
caused  by  climate  change,  the  design  criteria  of  the  WSSs  must 
take  into  account  these  hydrological  uncertainties,  which  suggest 
water  storage  to  be  a  key  technological  alternative  for  climate 
change  adaptation. 

The  use  of  variable  speed  motor-pump  sets,  which  is  a  well 
known  classical  alternative  in  hydraulics  literature,  is  still  rarely 
used  in  WSSs,  especially  in  developing  countries.  In  addition  to 
allowing  variable  pumped  discharge  in  a  more  efficient  manner 
than  the  use  of  valves  and  by-passes,  the  use  of  variable  speed 
drives  in  association  with  control  and  monitoring  systems  allows 
the  motor-pump  sets  to  continue  to  operate  near  their  best 
efficiency  points. 

Garcia  et  al.  [87],  Saidur  and  Mahlia  [111]  and  Hasanuzzaman 
et  al.  [112]  reported  considerable  savings  gained  from  the  use  of 
high  efficiency  motors;  these  reports  were  given  in  a  general 
context  and  not  specifically  for  that  of  water  supply. 

Hydraulic  energy  recovery  is  an  interesting  alternative  to 
gravity  water  supply  systems,  allowing  for  energy  self-generation 
and  greater  energy  independence  in  relation  to  the  regional  and 
local  grids.  Although  this  approach  is  also  a  classical  technology 
type  in  hydraulic  studies,  including  the  maturity  of  technology 
with  respect  to  small-scale  hydro  generators,  only  a  few  research¬ 
ers  have  considered  this  alternative  in  the  specific  context 
of  WSSs. 

The  recovery  of  hydropower  in  CWSSs  is  highly  variable 
according  to  the  local  potential  (which  is  usually  defined  by  the 
topography  and  the  relative  position  between  the  water  source 
and  other  system  components)  as  well  as  the  layout  of  the  system. 
Because  of  this  variability,  the  hydropower  recovery  potential  can 
be  barely  sufficient  to  reduce  the  electricity  consumption  of  the 
local  network  or  to  make  the  supply  system  energetically  self- 
sufficient,  with  the  possibility  of  selling  the  excess  energy  gener¬ 
ated.  Kucukali  [113,114],  for  example,  analyzed  the  potential  of 
hydropower  recovery  in  45  dams  used  for  municipal  water  supply 
in  Turkey,  concluding  that  this  set  of  dams  could  produce 


173  GWh  year- 1  of  electric  energy  without  environmental 
impacts,  once  all  structures  (associated  with  water  supply)  were 
erected. 

It  is  difficult  to  estimate  reference  values  for  calculating  the 
energy  savings  with  the  use  of  renewable  sources  for  pumping. 
The  potential  for  energy  conservation  with  this  alternative,  as  well 
as  the  recovery  of  hydraulic  energy,  is  highly  variable  depending 
on  the  local  potential. 

Directly  or  indirectly,  most  hydraulic  and  energy  efficiency 
alternatives  identified  in  this  paper  converge  to  a  single  solution, 
which  is  the  correct  definition  of  pressure  and  water  levels  in  the 
system,  both  in  design  or  operational  dimension.  In  association 
with  the  optimized  pressure  and  water  losses  management,  the 
system  operation  must  be  a  prioritized  alternative  for  energy  and 
hydraulic  efficiency  in  CWSSs;  this  is  a  requirement  so  that  it  can 
be  deployed  without  the  need  of  large  investments  and  structural/ 
physical  changes.  It  is  important  to  note  that  some  of  the 
alternatives  described  in  the  paper,  such  as  tank  operation  and 
the  use  of  variable-speed  motor-pump  sets,  are  commonly  asso¬ 
ciated  with  operational  optimization,  which  can  maximize  their 
individual  impacts  over  the  system's  energy  efficiency. 

Several  optimization  techniques,  which  have  been  tested  and 
validated  in  the  literature,  also  can  be  applied  to  improve  the 
design  of  water  distribution  systems.  Most  studies,  however, 
disregard  the  system's  operational  conditions  and  costs,  further 
ignoring  the  energetic  optimal  conditions  because  they  simply 
seek  to  define  the  optimal  solutions  in  terms  of  investment  costs. 
Thus,  this  is  a  promising  area  for  future  research  with  a  focus  on 
multiobjective  optimization  techniques  to  carry  out  simultaneous 
energetic  and  economic  objectives. 

Pressure  and  water  loss  management  has  been  studied  for  a 
long  time.  Nevertheless,  water  losses  by  leakage  likely  remain  the 
main  source  of  wasted  water  and  electricity  in  WSSs.  Although  the 
necessary  technologies  and  methodologies  to  solve  water  loss 
problems  are  known  and  available,  the  cost  of  implantation 
inhibits  problem  mitigation.  Most  of  the  identified  opportunities 
for  energy  and  hydraulic  efficiency  require  hydraulic  and  energetic 
data  and  information,  which  ideally  should  be  monitored  con¬ 
tinuously  and  at  various  sites  throughout  the  system. 

System  managers  should  be  aware  of  the  importance  of  system 
monitoring,  which  is  not  a  reality  in  many  CWSSs,  particularly  in 
developing  countries.  Marunga  et  al.  [115]  monitored  flow  and 


Table  3 

The  estimated  energy  savings  in  water  supply  systems  (adapted  from  XENERGY  [118]  apud  Brasil  [117]). 


Energy  efficiency  action 


Energy  savings 


Reduction  of  required  energy 

The  use  of  tanks  for  flow  control  and  storage  10-20%  Savings 

The  elimination  of  bypass  loops  and  other  unnecessary  flows 

Increased  pipe  diameters  5-20%  savings,  but  with  high  associated  costs 

Reductions  in  oversizing  design  parameter  limits  for  defining  the  system  5-10%  Savings 
capacity 

Correct  pump  design  based  on  the  loads 

Correct  pump  sizing  Pumps  generally  present  an  average  15-25%  oversizing 

Reduced  or  controlled  pump  speed 

The  use  of  variable  speed  drives  instead  of  valves  30-80%  Savings,  applicable  to  high  variable  head  systems 

The  use  of  more  efficient  equipment 

The  substitution  of  actual  pumps  for  a  most  efficient  or  with  best  efficient  16%  of  pumps  generally  have  more  than  20  years  of  use,  and  the  system’s  operation  point  is 
operation  point  compatible  with  the  systems  operation  point  variable  over  time,  so  the  original  best  efficient  point  is  not  the  same  as  when  the  system 

was  designed.  The  efficiency  can  decrease  from  10%  to  25%.  Modern  pumps  are  2%  to  5% 
more  efficient  than  older  ones.  Energy  savings  can  vary  from  2%  to  10% 

The  replacement  of  belts  by  direct  coupling  1%  Savings 

Operation  and  maintenance 

The  replacement  of  worn  impellers.  Checking  the  bearings,  the  mechanical  1-6%  Savings 
seals  and  other  seals 
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pressure  parameters  in  a  sector  of  the  water  distribution  network 
of  the  city  of  Mutare  (Zimbabwe)  to  quantify  the  effects  of 
reducing  pressure  by  using  PRVs  over  leakage  rates.  The  authors 
modeled  the  hydraulic  system  with  EPANET  to  establish  the  limits 
of  pressure  change  by  maintaining  minimum  allowable  pressures 
at  all  points  of  the  network.  In  the  monitoring  process,  the 
pressure  measurement  points  ranged  between  77  m  to  30  m 
through  the  operation  of  the  PRV.  Marunga  et  al.  [115]  found  that 
a  35%  reduction  in  pressure  resulted  in  a  25%  reduction  in 
leakage  rates. 

Girard  and  Stewart  [116]  presented  the  results  of  a  pressure  and 
leakage  management  (PLM)  system  in  a  trial  area  located  on  the 
Gold  Coast  (Queensland/Australia).  The  field  PLM  experiment 
developed  in  the  Gold  Coast  included  leakage  detection,  pressure 
reduction  by  PRV  and  flow  modulation,  resulting  in  a  measured 
reduction  of  the  minimum  night  flow  from  6.2  l.s-1  to  3.25  l.s~] 
(a  47.6%  reduction). 

Some  results  of  implementing  energy  and  hydraulic  efficiency 
measures  are  reported  here  from  the  literature.  Some  generic 
values  of  energy  savings  associated  with  water  supply  systems 
were  presented  at  the  Brazilian  National  Energy  Plan  2030  [117], 
originally  published  by  Xenergy  [118],  and  are  summarized  in 
Table  3. 

Similar  to  the  Brazilian  publication,  the  New  York  State  Energy 
Research  &  Development  Authority  [93]  presented  a  set  of  mea¬ 
sures  of  energy  management  for  water  supply  and  wastewater 
treatment  systems;  these  measures  and  the  associated  potential 
estimated  savings  are  presented  in  Table  4. 

The  non-profit  organization  Alliance  to  Save  Energy  [119] 
presented  some  case  results  from  the  Watergy  Program,  whose 
purpose  is  to  promote  water  and  energy  efficiency  in  water  supply 
systems  through  technical  and  managerial  changes.  The  results  are 
summarized  in  Table  5. 

The  results  of  energy  efficiency  and  conservation  actions  are 
variable,  depending  on  the  context  of  each  case  considered  (in  this 
study,  we  considered  the  conventional  water  supply  systems 
context,  which  differs,  for  example,  from  industrial  and  residential 
systems).  This  context  (and  its  influence  on  the  results  and 
potential  of  energy  efficiency  actions)  depends  on  the  geopolitical 


location  of  the  case  and  on  the  economic  environment  as  well  as 
the  nature  of  the  actions  themselves. 

Tonn  and  Peretz  [120]  evaluated  the  energy  conservation 
potential  for  the  United  States,  concluding  that  the  potential 
savings  due  to  energy  efficiency  standard  programs  can  vary  from 
20%  to  30%  in  residential  and  industrial  contexts.  The  authors  also 
concluded  that  20%  savings  and  cost  ratios  of  1 :3  are  expected  in 
energy  efficiency  programs  and  that  this  potential  might  be 
underestimated. 

Weber  [121]  proposed  that  the  overall  economic  potential  of 
energy  conservation  within  the  member  countries  of  the  Organi¬ 
zation  for  Economic  Co-operation  and  Development  (OECD)  is 
approximately  30%.  To  evaluate  the  30%  reference  proposed  by 
Weber  [121],  Dias  et  al.  [122]  performed  the  mathematical 
modeling  of  empirical  data  according  to  the  human  development 
index  (HD1),  the  gross  domestic  product  (GDP)  and  the  energy 
consumption,  which  were  obtained  from  the  United  Nations 
database.  For  the  potential  energy  conservation  index  calculation, 
they  obtained  a  value  of  29.3%,  which  is  very  close  to  the  value 
proposed  by  Weber  [121], 

Frijns  et  al.  [29]  presented  a  series  of  cases  of  energy  efficiency 
and  energy  conservation  actions  developed  in  Europe,  considering 
the  potential  for  realistic  gains  between  5%  and  25%  in  the  water 
industry.  Generally,  similar  values  in  the  energy  saving  potential 
can  be  observed  among  the  cited  papers,  with  typical  values 
between  20%  and  30%.  To  interpret  some  of  the  empirical  results 
of  energy  efficiency  conservation  actions  as  applicable  to  CWSSs  as 
well  as  the  impacts  on  these  systems,  we  assume  three  classes  of 
energy  savings,  based  on  the  works  previously  cited: 

•  Low  impact:  estimated  energy  savings  <  20%; 

•  Medium  impact:  20%  <  estimated  energy  savings  <  30%; 

•  High  impact:  estimated  energy  savings  >  30%. 

Table  6  associates  the  energy  efficiency  and  conservation 
technological  alternatives  (EECTA)  applicable  to  CWSSs  and  ana¬ 
lyzed  in  Section  3,  with  each  energy  efficiency  and  conservation 
action  (EECA)  presented  in  Tables  3  and  4.  This  table  also 
associates  the  estimated  energy  conservation  potential  with  the 


Table  4 

Generic  potential  energy  savings  in  water  supply  systems  (adapted  from  [93]). 


Water  and  energy  efficiency  actions 

Results 

Real-time  energy  monitoring 

The  use  of  high  efficiency  motors 

The  use  of  variable  speed  motor-pump  sets 

The  operational  optimization  of  pumping  systems 

Pumps  flow  variation  through  VSDs  instead  of  valve  throttling 

Energy  savings  from  5%  to  20% 

Energy  savings  must  be,  at  least,  from  5%  to  10% 

Energy  savings  from  10%  to  50% 

Energy  savings  typically  from  15%  to  30%,  possibly  up  to  70% 
Energy  savings  vary,  possibly  more  than  50% 

Table  5 

The  empirical  results  of  some  energy  efficiency  projects  in  WSSs  (adapted  from  [1191). 


Region 

Water  and  energy  efficiency  actions 

Results 

South  Africa,  Emfuleni 

Pressure  management 

Energy  savings:  14,000  MWh  year-1 

Water  savings:  8  x  106  m3  year-1 

Avoided  GHG  emissions:  12,000  t 

Investment  payback  time:  <  3  months 

Brazil,  Fortaleza 

Operational  optimization  through  automation  and  control  systems 

Energy  savings:  22,000  MWh  year-1 

Mexico,  Veracruz 

The  use  of  efficient  equipment,  variable  speed  motor-pump  sets, 
operation  automation,  leakage  detection  and  repair,  network 
modularization  in  sectors  and  pressure  management. 

Energy  savings:  24,000  MWh  year-1 
(24%  reduction) 

Energy  intensity  reduction:  from  0.48  kWh  m-3 
to  0.39  kWh  m-3 

Motor-pumps  efficiency  increase  due  to  variable 
speed  operation:  from  45%  to  72% 
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Table  6 

Energy  efficiency  and  conservation,  technological  alternatives  and  actions  applicable  to  CWSSs  according  to  intervention  levels. 


EECTA 

EECA 

Estimated  energy  savings 

Impact 

Intervention 
level  (according 
to  Dias  [15]) 

The  use  of  renewable 
energy  sources  for 

The  use  of  wind  or  solar  pumping 

Highly  variable,  according  to  the  local 
potential 

Low  to 
high 

3 

pumping 

Hydropower  recovery 

The  installation  of  hydraulic  turbines  and 
generators  in  existing  water  supply  adduction  systems 

Highly  variable,  according  to  the  system 
layout  and  local  potential 

Low  to 
high 

3 

Pressure  and  water 

Pressure  reduction  (by  the  use  of  PRVs,  water 

Assuming  that  the  energy  savings  are 

Medium 

1  and  2 

losses  management 

tank  level  or  pumping  adjustments),  pipe  repair 
or  substitution,  active  leakage  control 

proportional  to  the  water  savings,  we 
assume  a  25%  to  approximately  50%  saving 
potential,  as  presented  by  Marunga  et  al.  [115] 
and  Girard  and  Stewart  [116] 

to  high 

Operational 

optimization 

Real-time  energy  monitoring 

5-20% 

Low  to 
medium 

2 

The  operational  optimization  of  pumping  systems 

15-30% 

Low  to 

medium 

2 

The  use  of  efficient 
motor-pump  sets 

Correct  pump  sizing 

15-25% 

Low  to 
medium 

2 

The  substitution  of  actual  pumps  for  a  most  efficient  pump  or 
with  the  best  efficiency  operation  point,  compatible  with  the 
systems  operation  point 

2-10% 

Low 

2 

Replacing  the  belts  by  direct  coupling 

1% 

Low 

2 

Replacing  the  worn  impellers.  Checking  the  bearings, 
mechanical  seals  and  other  seals. 

1-6% 

Low 

2 

The  use  of  high  efficiency  motors 

5-10% 

Low 

2 

The  use  of  variable 
speed  motor-pump 

The  use  of  variable  speed  drives  instead  of  valves 

30-80% 

Medium 
to  high 

2 

sets 

The  optimization  of 
storage  capacity  and 

The  use  of  tanks  for  flow  control  and  storage, 

10-20% 

Low  to 

medium 

2 

reservoir  operation 

Optimized  pipe  and 
network  designs 

The  elimination  of  bypass  loops  and  other  unnecessary  flows. 

10-20% 

Low  to 

medium 

2 

Increasing  the  pipe  diameters 

5-20% 

Low  to 
medium 

2 

Reductions  in  the  oversizing  design  parameter  limits  for 
defining  the  system  capacity 

5-10% 

Low 

2 

impact  classes  proposed  and  classifies  each  EECA  according  to  the 
intervention  levels  proposed  by  Dias  [15], 

By  inspecting  Table  6,  it  can  be  determined  that  several  of  the 
analyzed  EECAs  were  classified  in  intervention  level  2  (increasing  the 
efficiency  of  power-consuming  units),  which,  according  to  Dias  [15], 
reveals  that  such  EECAs  are  relatively  inexpensive,  simple  for  deploy¬ 
ment  and  result  in  proportionally  large  energy  savings.  However,  it 
appears  that  the  expected  impacts  of  these  EECAs  are  generally  low  or 
medium,  which  does  not  confirm  this  assumption. 

Pressure  and  water  loss  management  were  alternatives,  classi¬ 
fied  in  intervention  levels  1  and  2  of  Dias  [15],  and  their 
implementation  imposes  large  impacts  on  the  energy  efficiency 
of  the  system.  This  finding  indicates  that  the  pressure  and  water 
loss  management  should  be  considered  a  priority  EE  and  EC 
alternative  for  CWSSs  managers. 

The  use  of  renewable  sources  for  pumping  and  hydraulic  energy 
recovery,  which  are  representative  of  intervention  level  3  (increasing 
the  efficiency  of  power  generation  units),  can  provide  energy  impacts 
with  high  variability,  according  to  the  local  potential.  In  this  sense,  the 
energy  impacts  of  the  EECTAs  can  be  generalized  as  medium,  which  is 
consistent  with  level  3  interventions. 


5.  Conclusions 

This  paper  presented  the  state-of-the-art  approaches  to  energy 
efficiency  and  conservation  in  conventional  water  supply  systems, 
providing  an  overview  of  EECTAs  from  the  analysis  of  selected 
research  results,  which  approach  these  alternatives  individually. 


The  various  energy  efficiency  and  conservation  alternatives 
applicable  to  conventional  water  supply  systems  are  technologi¬ 
cally  dominated  and  widely  reported  in  the  literature.  Such 
alternatives  range  from  simple  (but  effective)  repairs  in  pipes  for 
the  elimination  of  leaks  to  modern  real-time  operational  optimi¬ 
zation  techniques.  Water  losses  are  the  most  emblematic  source  of 
water  and  energy  waste  in  CWSSs,  and  reductions  in  water  losses 
must  be  a  priority  efficiency  action.  Nevertheless,  large  volumes  of 
water  and  electricity  are  lost  in  CWSSs  throughout  the  world. 

Two  main  reasons  are  suggested  to  explain  the  energetic  and 
hydraulic  inefficiency  scenario: 

•  The  deployment  costs  of  EECAs  are  not  attractive  from  the 
perspective  of  system  managers  and  decision  makers,  and  the 
costs  related  to  water  and  energy  losses  are  passed  on  to 
consumers  through  water  bills.  Additionally,  from  a  financial 
standpoint,  the  main  input  of  CWSSs  (raw  water)  is,  in  many 
cases,  obtained  for  free,  which  makes  investments  in  its 
conservation  unjustifiable. 

•  The  watersheds  in  which  CWSSs  are  located  generally  still  have 
satisfactory  water  availability.  The  environmental  and  social 
importance  of  water  and  electricity  are  only  considered  in 
addition  to  the  economic  factor  during  scarcity  scenarios. 

Some  evidence  presented  throughout  this  paper  strengthens 
these  two  hypotheses,  such  as  the  concept  of  economic  leakage 
levels  and  the  fact  that  most  optimization  models  presented  in  the 
literature  aim  to  minimize  the  costs  associated  with  electri¬ 
city,  instead  of  minimizing  the  electricity  consumption  itself. 
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This  hypothesis  and  the  supporting  evidence  suggests  that  sus¬ 
tainability,  i.e.,  the  management  of  CWSSs  by  balancing  the 
economic,  environmental  and  social  issues,  is  not  yet  fully  con¬ 
sidered  in  the  management  of  water  supply  systems,  which  is 
unlike  economic  and  financial  issues. 
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